INTRODUCTION
Hereditary hemorrhagic telangiectasia (HHT) is characterized by the presence of multiple arteriovenous malformations (AVMs) that lack intervening capillaries and result in direct connections between arteries and veins. Small AVMs are called telangiectases. Telangiectases are most evident on the lips, tongue, face, and fingers, and the nasal, buccal, and gastrointestinal (GI) mucosa. They appear as pink to red, pinpoint to pinhead-size lesions, or occasionally as larger, even raised purple lesions (Fig. 1) . Telangiectases are distinguished from petechiae and angiomata by their ability to blanch with pressure and then immediately refill. Because of their thin walls, narrow tortuous paths, and proximity to the surface of the skin or to a mucous membrane, telangiectases can rupture and bleed, sometimes with minimal or no trauma. As the contractile elements in the vessel wall are lacking, given the direct arterial connection, bleeding from telangiectases can be brisk and difficult to stop.
The term AVM usually refers to the "large" telangiectases, greater than a few millimeters in diameter and sometimes up to several centimeters in diameter. AVMs occur most commonly in the liver, lung, or brain (Fig. 2) . In the brain, they are typically present at birth, whereas AVMs may develop or grow over time in the lung and liver. In contrast to the complications of smaller telangiectases, the complications of AVMs often result from the shunting of blood, leading to increased cardiac output and, in the lung, desaturation of arterial blood. Lung AVMs also provide a ready right-to-left shunt for venous emboli (clots or bacteria) to reach the arterial circulation. Occasionally, a pulmonary AVM (PAVM) can rupture, leading to hemoptysis. Although HHT is a usually progressive disorder, infants are occasionally severely affected with complications of pulmonary or cerebral AVMs. However, in most affected individuals, the features are age dependent with the diagnosis not suspected until adolescence or later.
The original descriptions of familial epistaxis were made by Sutton in 1864 1 and Babington in 1865. 2 However, Osler in the United States, Parkes Weber in the United Kingdom, and Rendu in France are typically given credit, hence the eponymous Osler-Weber-Rendu syndrome or Rendu-Osler-Weber. The designation "hereditary hemorrhagic telangiectasia" was suggested in 1912 by one of Osler's students.
HHT is a heterogenous autosomal dominant condition in which de novo mutations are rare. Most individuals diagnosed with HHT are determined to have an affected parent on targeted physical examination and medical history. The overall prevalence of HHT in North America is estimated at 1:10,000 3 ; however, it is likely that this is an underestimate. 4 When a proband is diagnosed, it is not unusual to identify multiple relatives in the family who have not been labeled with HHT but who have struggled with epistaxis, embolic stroke, or GI bleeding. HHT occurs with wide ethnic and geographic distribution.
CLINICAL DESCRIPTION
HHT displays age-related penetrance with increased manifestations usually developing over a lifetime. The average age for development and/or symptomatic presentation of AVMs is very organ specific. In general, the disorder is more often progressive with respect to the smaller lesions of the dermis and mucosa. However, observable manifestations can be subtle even well into adulthood. For example:
• Approximately 50% of diagnosed individuals report having nosebleeds by the age of 10 years and 80 -90% by the age of 21 years. As many as 95% eventually develop recurrent epistaxis. 5, 6 • The percentage of individuals with telangiectases of the hands, face, and oral cavity is similar to the percentage with epistaxis, but the age of onset of visible telangiectases is generally 5-30 years later than for epistaxis. 7, 8 • Cerebral AVMs are overwhelmingly congenital, and intracranial hemorrhage secondary to cerebral AVM has been reported as the presenting symptom of HHT in infants and children with HHT. 9 
Epistaxis
Nasal bleeding is the feature that most commonly brings patients with HHT to medical attention. Average age of onset is approximately 12 years but ranges from infancy to adulthood. Although nosebleeds are often spontaneous, they also occur more often in patients with HHT secondary to minimal trauma to the nose. Nosebleed frequency in affected adults ranges from several per year to several per day. Nosebleed severity ranges from a couple drops of bright red blood that collects within the nose, to gushing. Many affected individuals have only mild, infrequent nosebleeds that never require medical attention, and thus, the nose bleeding can be difficult to elicit when taking a medical or family history. Many of those with HHT whose nosebleeds are on the mild end of the spectrum initially answer "no" when asked about recurrent nosebleeds, assuming that recurring mild nosebleeds are "normal." In a minority of patients, epistaxis leads to chronic anemia and transfusion dependence.
Telangiectasia
Although similar proportions (95%) of affected individuals eventually develop telangiectases of the face, oral cavity, or hands, the average age of recognition is generally later than epistaxis but may be during childhood. Thirty percent of affected individuals report telangiectases first appearing before the age of 20 years and two thirds before the age of 40 years. 6 However, on careful examination, most affected individuals have several telangiectases in characteristic locations within the first decade of life. Even well into adulthood, the number of observable telangiectases in affected individuals often number only 5-15 and can be quite subtle. The telangiectases of HHT are rarely diffuse and often not particularly "striking" except in some older patients. Adults who do not have HHT can accumulate cutaneous telangiectases, especially in sun-exposed areas, as they age. The telangiectases of chronic liver disease are of the "spider" variety, with a central core and small vessels radiating outward. In distinction, most telangiectases in HHT are punctuate or macular. Telangiectases can be found anywhere in the GI system, but most commonly, the stomach and the proximal small intestine (duodenum and jejunum) are involved.
GI bleeding
Approximately one quarter of all adults with HHT eventually have GI bleeding, and the responsible telangiectases are overwhelmingly in the upper GI tract. 10 -13 Bleeding from GI telangiectases most commonly begins after the age of 50 years, is usually slow but persistent, and often becomes increasingly severe with age. No particular foods or activities have been identified as contributors to GI bleeding in individuals with HHT.
Pulmonary
The prevalence of PAVMs in patients with HHT is dependent on the method used for detection. In one recent study, 37% of patients with HHT had at least one AVM demonstrable by high-resolution computed tomography (CT). However, 59% had evidence of a pulmonary shunt by transthoracic contrast echocardiography (TTCE) with agitated saline contrast. 14 In the past decade, TTCE (commonly called echo bubble) has been shown to be a sensitive screen for PAVMs 15 and has become the standard initial screen in patients with HHT. 16 Only those with a contrast echocardiogram suggestive of pulmonary shunting are exposed to the radiation of chest CT. There is current debate about whether a minor degree of shunting detected by echo bubble deserves CT follow-up, as most radiographic studies in such patients fail to detect an AVM. Indeed, studies now document small-to-moderate shunts by TTCE in otherwise healthy individuals 17 and that shunts increase with exercise. 18 However, antibiotic prophylaxis for dental work, and other procedures with a significant risk for bacteremia, is recommended for all patients with HHT with evidence of a pulmonary shunt by contrast echocardiogram-whether the AVM(s) can be seen by chest CT.
In one series, serious neurologic events including transient ischemic attack, stroke, and brain abscess occurred in 30 -40% of individuals with PAVMs with feeding arteries 3.0 mm or greater in diameter. 19 Another study found that the risk of ischemic stroke secondary to PAVM was significant and was not associated with any marker of AVM severity, such as feeder artery size. 20 Neurologic complications may occur in individuals with near-normal arterial oxygen tension and no complaint of dyspnea. Thus, screening for asymptomatic PAVMs is warranted. PAVMs frequently enlarge with time. 19 Pulmonary hypertension is another vascular manifestation of HHT. Although much less common than PAVMs, it can result from either systemic arteriovenous shunting in the liver increasing cardiac output or be clinically and histologically indistinguishable from idiopathic pulmonary arterial hypertension. 21 
Central nervous system
Cerebral AVMs occur in approximately 10% of affected individuals. 22, 23 The risk of cerebral hemorrhage from these high-flow lesions is generally considered to warrant treatment of even asymptomatic individuals of young age. The size, morphology, and location of a particular lesion factor into the decision making about treatment.
The most common central nervous system insults in patients with HHT, brain abscess, and ischemic stroke are actually secondary to the right-to-left shunting associated with PAVMs.
Spinal AVMs are significantly less common than brain AVMs and usually present with paralysis and/or complaint of back pain. Most are diagnosed and treated in the first decade of life.
Hepatic
The frequency of hepatic vascular abnormalities was 74% in one study that systematically imaged the liver of affected individuals using CT 24 and 41% in another study using ultrasound examination. 25 However, only a small minority (8% in the study using CT) were symptomatic. Hepatic focal nodular hyperplasia occurs in HHT at a prevalence greater than the general population, 26 and the radiologic imaging may raise concerns of a hepatic tumor. Because needle biopsy of the liver is contraindicated in HHT because of the risk of hemorrhage, recognizing that focal nodular hyperplasia is a much more likely diagnosis than cancer will help guide management.
CLINICAL DIAGNOSIS
The clinical diagnosis of HHT is based on the presence of multiple AVMs and/or telangiectasia in characteristic locations. 3, 4 Consensus diagnostic criteria-often referred to as the Curacao criteria-were published in 2000. 27 
Findings
• Epistaxis (nosebleeds): spontaneous and recurrent.
• Mucocutaneous telangiectases: multiple, at characteristic sites (lips, oral cavity, fingers, and nose). Lesions are blanchable and usually punctuate, pink-red in color, and pinpoint to pinhead in size. Occasionally 2-5 mm macules, purple or "spidery."
• Family history: a first-degree relative in whom HHT has been diagnosed using these criteria.
The clinical diagnosis of HHT is considered:
• Definite when three or more findings are present;
• Possible or suspected when two findings are present; and • Unlikely when fewer than two findings are present.
Note: These diagnostic criteria were established for adults and can be misleading when applied to children. Symptoms and signs of HHT generally develop during childhood and adolescence, such that the absence of epistaxis, telangiectases, or symptoms of solid organ AVM is common in affected children. 9, 28 Children with an affected parent should undergo molecular genetic testing to confirm or refute the diagnosis. 29 The appearance of telangiectases at characteristic sites (lips, oral cavity, hands, and nasal septum) is key. If patient has an isolated visceral vascular lesion, but not these, HHT is very unlikely.
Most individuals with a PAVM(s) have HHT. 30 In contrast, cerebral AVMs occur most frequently as an isolated finding but may be a manifestation of HHT or another dominantly inherited vascular dysplasia such as capillary malformation-AVM caused by mutations in RASA1. 31 A family history of recurrent nosebleed and presence of telangiectases specifically on the lips, face, and hands help distinguish HHT from other vascular dysplasias or from an isolated AVM.
A rare syndrome has been identified that combines HHT and juvenile polyposis (HHT/JP syndrome) and results from mutations in SMAD4. 32 It is currently thought to account for approximately 2% of HHT. 33, 34 Thus, family and medical history should include questions about the occurrence of GI polyps and cancer when HHT is known or suspected.
MEDICAL MANAGEMENT OVERVIEW
Although hemorrhage is usually the presenting symptom of mucosal telangiectases and cerebral AVMs, most visceral AVMs present as a consequence of blood shunting through the abnormal vessel and bypassing the capillary bed. Shunting of air, thrombi, and bacteria through PAVMs, thus bypassing the filtering capabilities of the lungs, may cause transient ischemic attacks, embolic stroke, and cerebral and other abscesses. Migraine headache, polycythemia, and hypoxemia with cyanosis and clubbing of the nails are other complications of PAVMs. 21, 23, 35 Hepatic AVMs can present as high-output heart failure, portal hypertension, or biliary disease. 36 Optimal medical management for HHT requires distinguishing between organ locations where telangiectases and AVMs are best managed symptomatically/expectantly, versus those in which lesions should be detected and treated before the onset of symptoms. International Clinical Management Guidelines for HHT were published as a result of a consensus conference. 29 In general, telangiectases of the skin, oral and GI mucosa, and liver are treated when symptoms dictate, but AVMs of the lungs and brain are treated in patients without symptoms given their often sudden and catastrophic presentation. This distinction determines routinely recommended surveillance for patients with HHT. Most of the recommendations were based on expert opinion and very few on randomized clinical trials. Additionally, variations in access to imaging modalities resulted in disagreement about best practices in HHT Centers of Excellence in different parts of the world. The HHT Foundation International (www.hht.org) lists HHT Centers in the United States and elsewhere, as well as information regarding current management for both patients and clinicians.
SURVELLIANCE/SCREENING Initial evaluation
To initially establish the extent of disease in an individual diagnosed with HHT, the following evaluations are recommended:
• Medical history, with particular attention to epistaxis and other bleeding, anemia or polycythemia, diseases of the heart, lung and liver, and neurologic symptoms.
• Physical examination, including inspection for telangiectases, particularly on fingers, lips, tongue, oropharynx, cheeks, or conjunctiva, as well as listening for bruits over the liver.
• Complete blood count and serum ferritin, with particular attention to anemia, polycythemia, and the need for iron supplementation. If anemia is present, it is important to determine whether the anemia seems to be disproportionate to the amount of epistaxis.
• In family index case-molecular genetic testing to determine family HHT type. A causative mutation identified in one of the two common HHT genes (ENG or ACVRL1) provides reassurance that the added risk of juvenile polyposis conferred by a mutation in SMAD4 is not a concern. If no mutation is identified in ENG or ACVRL1, testing of SMAD4 should be considered. 29, 33 • Measurement of oxygen saturation by pulse oximetry.
• Contrast echocardiography for detection of pulmonary arteriovenous shunting 37, 38 and measurement of the pulmonary artery systolic pressure as a screen for pulmonary artery hypertension. 39 When pulmonary shunting is suggested, high-resolution chest CT to define size of lesions(s) is the next step. 15, 40 Some, but not all, HHT Centers prefer to use contrast. If negative, the conservative approach is to perform a screening chest CT every 5 years for life; however, the risk of developing a new PAVM after mid life is probably exceedingly small. The exact recommended follow-up interval and modality should be determined with consideration to age and findings at last evaluation. 29 • Head magnetic resonance imaging (MRI, with and without gadolinium) to detect cerebral AVMs as early as possible, preferably in the first 6 months of life. If no cerebral AVMs are detected by this scan in adulthood, no further screening for cerebral AVMs is suggested. 29 • Consideration of abdominal ultrasound or CT examination to look for evidence of hepatic AVM, if the individual has symptoms of hepatic involvement such as high-output failure or a bruit over the right upper quadrant of the abdomen.
Note: (1) Screening for hepatic AVMs in asymptomatic individuals is not common practice because hepatic AVMs are rarely symptomatic and, when they do become symptomatic, it is not sudden and catastrophic, as is seen with PAVMs and cerebral AVMs. (2) Also, current treatment options for hepatic AVM are less satisfactory.
Follow-up evaluation
The following protocol is recommended for follow-up of all individuals for whom the diagnosis of HHT is definite, and for all individuals at risk for HHT based on family history, in whom HHT has not been ruled out by molecular diagnosis:
• Annual evaluation by a healthcare provider familiar with HHT, including interval history for epistaxis or other bleeding, shortness of breath or decreased exercise tolerance, and headache or other neurologic symptoms.
• Periodic hematocrit/hemoglobin with appropriate treatment for anemia.
• Reevaluation for PAVM at approximately 5-year intervals.
Contrast echocardiogram is used if the previous contrast echocardiogram did not reveal evidence of a right to left shunt; chest CT is used if the previous contrast echocardiogram revealed evidence of a right to left shunt.
• Screening for GI polyps and malignant change in persons with SMAD4 mutations.
Childhood
Because serious complications of pulmonary and cerebral AVMs can occur at any age, 9, 28, 30, 31 and safe and effective treatment options exist, 42 evaluation for pulmonary and cerebral AVMs is recommended in children with possible or definite HHT. Intracranial hemorrhage has been reported in the first several months of life in affected children with previously asymptomatic cerebral AVMs. However, most serious complications of PAVMs have occurred in hypoxemic children. Also, reperfusion of PAVMs treated in first decade of life is more common than when treated in adulthood. 42 These observations guide the recommended timing and modality of surveillance in children.
• Head MRI with and without gadolinium is recommended as early as the first few months of life. Although cerebral AVMs are thought to be overwhelmingly congenital, and repeat screening for cerebral AVMs in adults is generally not recommended, there is less consensus about whether an additional scan in adulthood is indicated when the initial brain screening was performed in childhood. Several as of yet unpublished cases document a cerebral AVM not apparent by contrast MRI in the first decade of life evident in early adulthood. In these few cases, it is possible that the sensitivity of the imaging 20 years after the initial study was improved enough to detect small lesions that, in reality, were present in childhood. However, this has made some recommend one repeat head MRI in adulthood if the initial one was performed in the first decade of life.
• Until age 10 -12 years, pulse oximetry in the supine and sitting positions every 1-2 years during childhood is recommended as a minimum to screen for PAVMs. It may be of concern if the sitting value is even a few percentage points below that of the supine value. (As most PAVMs are in the lower lobes, many individuals with PAVMs have higher oxygen saturation when lying than when sitting because of the effect of gravity.) Oxygen saturations below 97% should be followed up with contrast echocardiography. At approximately age 10 -12 years, all children with HHT should have contrast echocardiography, with a follow-up CT if positive.
Pregnancy
The majority of pregnancies in patients with HHT proceed uneventfully. The most common HHT-related complications in patients with HHT are hemorrhage and stroke during the third trimester of pregnancy related to untreated PAVMs. 43 Intracranial hemorrhage 20, 44 and one case of high-output cardiac failure related to hepatic vascular malformations have also been reported. 45 Screening and treatment as indicated for pulmonary and cerebral AVMs are ideally performed before pregnancy in all women with HHT. Most HHT experts recommend that pregnant women who have not had a recent evaluation for PAVMs be evaluated during pregnancy. Contrast echocardiogram to rule out evidence of a pulmonary shunt can be performed in the first trimester. If positive, chest CT, with abdominal shielding, should be delayed until the second trimester. Women discovered to have a significant size PAVMs can then be treated by transcatheter embolization during the second trimester.
Prevention of secondary complications
If contrast echocardiography is positive for pulmonary shunting, even if no PAVM is demonstrated by chest CT, a lifetime recommendation for prophylactic antibiotics in accordance with the American Heart Association protocol with dental cleaning and other procedures with risk for bacteremia is advised. This is because of the high risk of abscess, particularly brain abscess, associated with right to left shunting in patients with HHT. 46 -48 For the same reason, an air filter or extreme caution not to introduce air bubbles is recommended with intravenous lines.
Agents/circumstances to avoid
Anticoagulants such as warfarin and nonsteroidal antiinflammatory agents such as aspirin and ibuprofen that interfere with platelet function should be avoided unless required for treatment of other medical conditions. However, a patient's bleeding history should be considered when weighing the risks and benefits. In a patient with HHT with infrequent, mild nosebleeds and no history of GI bleeding, the concern regarding these exposures may be negligible.
Scuba diving should be avoided unless contrast echocardiography performed within the last 5 years was negative for evidence of a right-to-left shunt.
TREATMENT
The timing, mode, and indications for treatment of the telangiectases and AVMs of HHT are extremely organ dependent.
Nose
It is appropriate to consider intervention for nosebleeds in the case of anemia attributable to the nosebleeds or if an individual feels that the frequency or duration interferes significantly with normal activities. Worsening of epistaxis is associated with high-output cardiac failure, and aggressive management of the latter is essential. 49 The following are reported to be helpful in the management of epistaxis:
• Humidification and the daily application of nasal lubricants may be helpful.
• Hemostatic products (gauze, sponge, or powder products) available over the counter help patients self-manage significant nosebleeds.
• Laser ablation is usually recommended as the intervention for control of mild to moderate nosebleeds. 50 Genetics IN Medicine • Volume 13, Number 7, July 2011 Hereditary hemorrhagic telangiectasia: An overview
• Severe epistaxis, which has proven unresponsive to the above methods, is treated by septal dermoplasty, 51 Young's nasal closure, 52 or use of a nasal obturator. 53 Surgical treatment for severe epistaxis in persons with HHT should be performed by surgeons who treat HHT regularly.
• Most otolaryngologists experienced with treating individuals with HHT advise against electric and chemical cautery and transcatheter embolotherapy for treatment of recurrent nosebleeds in most situations.
• A recent meta-analysis of studies of hormonal and antihormonal treatment concluded that estrogen-progesterone at doses used for oral contraception may reduce or eliminate bleeding in symptomatic HHT and is a reasonable initial option to consider for fertile women. 54 Antifibrinolytic drugs such as tranexamic acid (Cyklokapron) have been used with some success in select patients, but the associated risks are not well established. 55, 56 Other agents for which case reports document improvement include bevacizumab (Avastin) and thalidomide. Controlled trials with these agents and standard therapy are needed.
GI tract
Treatment is unnecessary unless aggressive iron therapy has been ineffective in maintaining hemoglobin concentration in the normal range. Studies of fecal occult blood are nonspecific as blood swallowed from epistaxis gives a positive result.
• Push enteroscopy, capsule endoscopy, mesenteric and celiac angiography, and radionuclide studies may be used to localize the source of bleeding and its type.
• Endoscopic application of a heater probe, bicap, or laser is the mainstay of local treatment.
• In case reports, hormonal treatment with estrogen-progesterone 57 and bevacizumab 58 have decreased transfusion needs.
• Small bowel bleeding sites and larger vascular malformations can be removed surgically after they are identified by nuclear medicine studies.
Anemia
Even with optimal, available treatment, epistaxis and/or GI bleeding can result in mild to severe iron deficiency anemia, sometimes requiring iron replacement therapy or rarely, blood transfusion. Aggressive iron replacement therapy, to include parenteral delivery if needed to maintain iron stores, is considered preferable to relying on blood transfusions to manage anemia resulting from HHT-related hemorrhage. In general, a target ferritin level of at least 50, and ideally 100, is recommended for patients with HHT with a chronic anemia. Epistaxis is the most common cause of anemia in patients with HHT and is often overlooked as the primary cause as investigations for evidence of GI bleeding are undertaken.
Pulmonary AVMs
Any PAVM with a feeding artery Ͼ1-3 mm detected by chest CT should be considered for treatment by transcatheter embolization. 59, 60 Treatment of PAVMs is indicated for dyspnea, exercise intolerance, and hypoxemia but is most important for prevention of lung hemorrhage and the neurologic complications of brain abscess and stroke, even in those who are asymptomatic in terms of pulmonary function and oxygen saturation. 61 Migraine headaches are associated with PAVMs in patients with HHT and often resolve or are significantly reduced after embolization. 62 Long-term follow-up by chest CT is indicated after transcatheter occlusion of PAVMs because of reported recanalization and development or growth of untreated PAVMs. 21 Usually a follow-up CT is done 6 -12 months postocclusion, and if no reperfusion of treated AVM(s) or new PAVMs is noted, follow-up CT is generally recommended at 5-year intervals thereafter.
Cerebral AVMs
Cerebral AVMs Ͼ1.0 cm in diameter are usually treated using neurovascular surgery, embolotherapy, and/or stereotactic radiosurgery. 63 
Hepatic involvement
Treatment of cardiac failure or liver failure secondary to hepatic vascular malformations is currently problematic. 64 Moreover, the apparent severity of vascular abnormalities found on CT scanning does not correlate with symptoms. 65 Embolization of hepatic AVMs, which is successful for treatment of PAVMs, has led to lethal hepatic infarctions. Most patients with symptomatic hepatic involvement can be satisfactorily managed with intensive medical therapy 66 aimed at managing high-output cardiac failure and hepatocyte dysfunction. Liver transplantation has been the standard treatment for those (usually older) individuals whose symptoms do not respond to medical management. 66, 67 A dramatic reduction of liver vascularity and normalization of cardiac output after treatment with bevacizumab have been reported in a patient with HHT who had been listed for liver transplant. 68 Liver biopsy should be avoided in individuals with HHT. 66 
Pharmacologic therapies
As available surgical treatments for certain manifestations of HHT can be temporizing or ineffective (e.g., ablation of GI telangiectases), involve significant morbidity (liver transplant and nasal septal dermoplasty), or are temporary (nasal laser coagulation), safe and effective drug therapies have long been anticipated by patients with HHT. Oral or intranasal topical estrogens can be effective, although long-term therapy is limited to women. Raloxifene may increase expression of the ENG and ACVRL1 genes. 69 Recent small series and cases reports have suggested therapeutic benefit from antiangiogenesis drugs such as bevacizumab 58, 68, 70, 71 and thalidomide, 72 and the antifibrinolytic drug tranexamic acid, 55 particularly for the treatment of severe GI bleeding, epistaxis, and symptomatic hepatic vascular malformations. Randomized trials of many such agents are in process.
PATHOGENESIS
Three HHT genes have been identified to date, and several others are suspected:
• Endoglin (ENG) encodes a homodimeric transmembrane protein, which is a major glycoprotein of the vascular endothelium. This protein is a component of the transforming growth factor beta (TGF␤)-bone morphogenic protein (BMP) receptor complex, and it binds TGFB1 and TGFB3 with high affinity. It is expressed predominantly on endothelial cells, and on syncytiotrophoblasts, activated monocytes, and tissue macrophages.
• Activin A receptor type II-like 1 (ACVRL1): the normal gene product is a cell-surface receptor for TGF␤ superfamily ligands. It is expressed predominantly not only on endothelial cells 71 but also on lung and placental cells.
• SMAD4 encodes a 552-amino acid protein that functions as an intracellular signaling molecule in the TGF␤/BMP pathway. Mutations cause HHT/juvenile polyposis combined syndrome.
• Additional as-yet-unknown HHT genes are suggested by linkage analysis in affected kindreds. Cole et al. 74 reported a 6 Mb interval on the long arm of chromosome 5 (5q31.3-5q32) and Bayrak-Toydemir et al. 75 reported a 7 Mb region on the short arm of chromosome 7 (7p14). In addition, there are some families that are seemingly unlinked to any of these five loci (unpublished data). One patient with HHT and pulmonary hypertension, with no mutation in ENG, ACVRL1 or SMAD4, was found to have a nonsense mutation in BMPR2. 76 HHT is caused by a disturbance in the TGF␤ signaling pathway. TGF␤ signaling is important in the regulation of many cellular processes such as proliferation, differentiation, adhesion, and migration. The superfamily signaling pathway includes TGF␤ ligand proteins, receptor proteins, activins, BMPs, and cytoplasmic signaling molecules such as Smads. ACVRL1 is a TGF␤ type 1 receptor. ENG associates with different signaling receptors and modifies TGF␤1 signaling. ACVRL1 and ENG work together on cellular responses such as proliferation and adhesion. TGF␤ signaling occurs through phosphorylation of TGF␤ receptor 1 by TGF␤ receptor II, which activates downstream signaling by phosphorylation of Smads on the membrane of the cells. A specific smad protein (SMAD4) transfers this information to the nucleus and regulates transcription of the target gene(s).
Analysis of mice carrying mutations in either ENG or ACVRL1 has provided insight into the molecular mechanisms through which they act. Mouse embryos lacking either ENG or ACVRL1 develop AVMs and other HHT features. 77, 78 Mouse models showed that ACVRL1/ENG signaling is required for the development and maintenance of arteriovenous identity. 79 In addition, ACVRL1 and ENG also seem to coordinate smooth muscle cell recruitment to developing vessels. Mice lacking ACVRL1 77, 80 or ENG 78, 81, 82 have an overall reduction of vascular smooth muscle cells (vSMCs), in addition to a disturbance of the recruitment of vSMCs to the vascular plexus in the yolk sac and embryo. Thus, ENG and ACVRL1 are necessary for recruitment of vSMC and the differentiation of vSMC, during the development of vascular system. Mutations in HHT genes lead to perturbation of vascular remodeling and the maintenance of vessel wall integrity. 83 Current data suggest that most disease-causing mutations in ACVRL1 or ENG result in haploinsufficiency. 84 -86 Thus, HHT is assumed to result from lack of sufficient protein for normal function. 73 Mutations resulting in structural alterations by misfolding and intracellular degradation of these proteins lead to lack of surface expression of the mutant proteins.
Mutations in HHT
There are no common disease-causing mutations or mutation hot spots in any of the HHT genes.
ENG mutations that cause HHT are dispersed almost equally throughout the gene with the exception of exons 1, 10, 14a, and 14c, which seem to have fewer mutations. Mutations of all types have been reported. 73, 87 Mutations causing sequence changes represent 85-90% of ENG mutations, and large deletions and/or duplications involving single or several exons represent 6 -10% of mutations. 88 Similarly, mutations have been identified in all exons of ACVRL1; however, mutations in exons 8, 7, and 3 account for 65% of mutations identified. Missense mutations account for more than half of mutations detected; nonsense, deletions, insertions, and splice site mutations have also been reported. 73 The frequency of single or several exon deletions/duplications is approximately 10%. A deletion of exon 10 is the most common exonic deletion. 88 The few SMAD4 mutations reported thus far in individuals with JP/HHT syndrome are predicted to lead to protein truncation. Although most of the JP/HHT SMAD4 mutations are clustered in exons 10 -13, which encodes the MH2 domain, some mutations have also been identified in exons 4 -9 encoding the MH1 domain. 89 Unlike patients with juvenile polyposis syndrome (JPS), no large SMAD4 deletions/duplications or splice site mutations have been identified to date in patients with JP/HHT.
CLINICAL MOLECULAR ASPECTS

Clinical testing
Molecular genetic testing of ENG, ALK1, and SMAD4 detects mutations in approximately 85% of individuals who meet established clinical diagnostic criteria of HHT. 87 Mutations in SMAD4 have been reported in families with a combined syndrome of JPS and HHT. 32 Simultaneous testing of ENG and ACVRL1 by both sequence analysis and duplication/deletion analysis is recommended given the relatively high percentage of mutation negative results and uncertain variants by sequence analysis alone. A negative deletion/duplication assay is often helpful in interpreting the sequencing results, in addition to the increased detection it provides.
The percentage of mutations in ENG and ACVRL1 is virtually equal (53% and 47%, respectively) after founder effects are excluded. 22 The proportion of ENG and ACVRL1 mutations is roughly similar, with a slight preponderance of ENG mutations in North America and in Northern Europe 34,90 -94 and a greater preponderance of ACVRL1 mutations in Southern Europe. [95] [96] [97] Sequence analysis of ENG, ACVRL1, and SMAD4 identifies mutations in approximately 75% of individuals with HHT. 34, 93, 94 Sequence variants interpreted to be of uncertain significance are particularly common.
Several techniques including quantitative polymerase chain reaction and multiplex ligation-dependent probe amplification are used to identify deletions not detectable by sequence analysis. The use of one of these methods in addition to sequence analysis increases the detection rate by approximately 10%. 34, 93 Recent reports suggest that approximately 1-2% of persons clinically diagnosed with HHT will have a mutation detected in the SMAD4 gene or approximately 10% of those who test negative for a mutation in the ENG and ACVRL1 genes. 33, 34, 96 Mutations in SMAD4 have been reported in families with a combined syndrome of JPS and HHT, 32 as well as in families reported to have JPS only. 98 One study found SMAD4 mutations in 3 of 30 persons who had been referred for DNA-based testing for HHT but were negative for mutations in the ENG and ACVRL1 genes. 33 Another study showed that 2% of 194 persons referred for DNA-based testing for HHT had SMAD4 mutations. 34 SMAD4 testing is recommended for symptomatic individuals in whom no mutation is identified in ENG or ACVRL1 and in any person with HHT and intestinal polyps. 29 There have been four individuals with JPS reported to have missense mutations in ENG. 99, 100 It is likely that these are not pathogenic mutations. There has been no report of juvenile polyposis in hundreds of patients with HHT reported with ENG mutations.
Testing relatives at risk
Molecular testing should be offered to at-risk, but not clearly affected, relatives if the disease-causing mutation in the family is known, so that morbidity and mortality can be reduced by early diagnosis and treatment. Additionally, relatives who are at genetic risk based on the pedigree can be determined to be free of the family's mutation and thus be spared the anxiety, inconvenience, and cost of repetitive clinical screening. If the disease-causing mutation in the family is not known, it is appropriate to offer clinical diagnostic evaluations to identify those family members who are at risk to be affected and would benefit from early treatment.
Genotype/phenotype
Data suggest that the incidence of certain visceral AVMs depends on the gene mutated, with pulmonary and possibly cerebral AVMs more common in patients with ENG mutations (HHT1) and hepatic AVMs more common in patients with ACVRL1 mutations (HHT2). [101] [102] [103] However, all these lesions have been seen in individuals with both HHT types.
Pulmonary hypertension in the absence of severe vascular shunting, a rare HHT manifestation, occurs almost exclusively in individuals with mutations in the ACVRL1 gene. 104, 105 
SUMMARY
HHT is underdiagnosed, and affected families are often unaware of the available screening and treatment, resulting in unnecessary life-threatening events in adults and children. The diagnosis typically relies on the presence of characteristic clinical findings in adults, but molecular diagnostics is used to confirm the diagnosis in some cases, to determine the genetic subtype of HHT in a particular family, and to allow for early diagnosis in the youngest generation or two. Optimal medical management for HHT requires distinguishing between organ locations where telangiectases and AVMs are best managed symptomatically/expectantly versus those in which lesions should be detected and treated before the onset of symptoms. International guidelines for the management of HHT have been published as a result of a consensus conference in 2006. This publication reviews the available experience and evidence which lead to the resulting management recommendations. 29 In general, telangiectases of the skin, oral and GI mucosa, and liver are treated when symptoms dictate, but AVMs of the lungs and brain are treated in patients without symptoms given their often sudden and catastrophic presentation. This distinction determines routinely recommended screening for AVMs in patients with HHT.
